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Native mass spectrometryThe peridinin-chlorophyll a-protein (PCP) is one of the major light harvesting complexes (LHCs) in
photosynthetic dinoﬂagellates. We analyzed the oligomeric state of PCP isolated from the dinoﬂag-
ellate Symbiodinium, which has received increasing attention in recent years because of its role in
coral bleaching. Size-exclusion chromatography (SEC) and small angle neutron scattering (SANS)
analysis indicated PCP exists as monomers. Native mass spectrometry (native MS) demonstrated
two oligomeric states of PCP, with the monomeric PCP being dominant. The trimerization may
not be necessary for PCP to function as a light-harvesting complex.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The peridinin-chlorophyll a-protein (PCP) is one of the major
light harvesting complexes (LHCs) in photosynthetic dinoﬂagel-
lates [1–3]. PCPs share no sequence similarity to other LHCs [4].
They are water-soluble and located in the luminal space of
thylakoid membranes [3,5], serving as light harvesters together
with the membrane-intrinsic LHCs (chlorophyll a-chlorophyll
c2-peridinin-proteins, apcPCs) in the peridinin-containing
dinoﬂagellates. Instead of chlorophylls, they have the blue-green
(470–550 nm) absorbing carotenoid peridinins as primarypigments. PCPs of distinct lengths, pigment contents, amino acid
sequences and spectroscopic properties were found in dinoﬂagel-
lates. Among different PCPs, the structures of main form PCP
(MFPCP) and high-salt PCP (HSPCP) from Amphidinium carterae
have been resolved to 2.0 Å and 2.1 Å, respectively [3,6]. A higher
resolution structure of 1.5 Å was recently achieved in recombinant
PCP [7]. The X-ray crystal structure of MFPCP has revealed a trimer,
in which each subunit folds in a twofold pseudosymmetry (a
monomer has two pseudo-identical domains), holding 8 peridinins
and 2 Chl amolecules. On the other hand, HSPCP, which contains 6
peridinins and 2 Chl a molecules, and recombinant PCP, which is
one half of the MFPCP, crystallized as monomers. It is not clear if
the trimerization is common for PCPs or the MFPCP trimer is an
exception, although it has been suggested that the
non-crystallographic trimer of MFPCP is relevant for the in vivo oli-
gomeric state in the thylakoid lumen based on analytical ultracen-
trifugation data [8]. Single-molecule ﬂuorescence of PCPs indicated
that monomeric and trimeric MFPCP can coexist [9,10].
In this study, we aimed to analyze the oligomeric state of PCP
from Symbiodinium. The dinoﬂagellate Symbiodinium has received
increasing attention in recent years because of its signiﬁcant role
2714 J. Jiang et al. / FEBS Letters 589 (2015) 2713–2719in coral bleaching [11–16]. Its LHCs, as essential machinery in pho-
tosynthesis, are thought to be important in bleaching events [11].
Previous studies showed that Symbiodinium PCP has 80% amino
acid sequence similarity to MFPCP of Amphidinium and possesses
almost identical spectroscopic properties [17,18]. However,
whether it can also form trimers is not clear. Here, we describe
our work on the determination of the oligomeric state of
Symbiodinium PCP via size-exclusion chromatography (SEC), small
angle neutron scattering (SANS) and native mass spectrometry
(native MS).
SANS is a powerful tool for investigating macromolecules at
length scales of 1 nm to 1 lm [19]. Since neutrons are
non-destructive, SANS has been widely used to study the structural
properties of proteins and protein/membrane interactions, etc.
Several studies applied this technique to examine photosynthetic
protein complexes of various sources [20–25], including the B820
subunit from Rhodospirillum rubrum LH1 complex, spinach LHC II,
Rhodobacter sphaeroides reaction center-cytochrome c2 complexes,
as well as chlorosomes, the B808-866 complex, and the reaction
center (RC) in the thermophilic green bacterium Chloroﬂexus
aurantiacus.
Native MS utilizes nano electrospray ionization (nESI) to gener-
ate charged gas phase protein ions directly from aqueous solution,
while preserving the integrity of the protein complex. As it is very
sensitive, much less time-consuming, and requires a relatively
small amount of protein compared to traditional biophysical meth-
ods such as X-ray crystallography and NMR, native MS is widely
used to analyze protein stoichiometry, topology and dynamics
[26–31].
In this work, we analyzed the oligomeric state of PCP in the
dinoﬂagellate Symbiodinium using size-exclusion chromatography
(SEC), small angle neutron scattering (SANS) and native mass spec-
trometry (native MS). SEC and SANS analysis indicated PCP exists
as monomers. Native MS demonstrated two oligomeric states of
PCP (monomeric and trimeric), with the monomeric PCP being
dominant.
2. Materials and methods
2.1. PCP preparation
PCP from Symbiodinium sp. CS-156 was prepared according to
[17] with minor modiﬁcations. Brieﬂy, cells in late exponential
phase were harvested by centrifugation at 8000g, resuspended
in 50 mM tricine 20 mM KCl (pH 7.5), and broken by three passes
through a French pressure cell at 8.3  107 Pa. After removing cell
debris and unbroken cells, solid ammonium sulfate was added to
50% saturation to precipitate unwanted proteins. The resulting
supernatant was dialyzed against 20 mM Tris–HCl (pH 8.0), con-
centrated, ﬁltered through a 0.2 lm ﬁlter, and applied to a
HiTrap™ Q Sepharose™ HP column (GE Healthcare) and eluted
with a linear gradient of NaCl from 0 to 0.5 M in the same buffer.
Fractions with highest A478nm:A280nm ratios (greater than 4.1) were
pooled, and applied to a HiLoad™ Superdex™ 200 prep grade col-
umn (GE Healthcare).
2.2. Size-exclusion chromatography
SEC was performed on a Bio-rad FPLC system with a Superdex
200 10/300 GL column (GE Healthcare), which was calibrated with
bovine serum albumin (monomeric BSA, 67 kDa; dimeric BSA,
134 kDa), b-lactoglobulin (BLG, 36.6 kDa), and ribonuclease A
(RNase A, 13.7 kDa). Blue dextran (2 MDa) was used to determine
the void volume of the column. All standards were purchased from
Sigma Aldrich. 200 mM ammonium acetate (without adjusting the
pH) was used as the mobile phase at a ﬂow rate of 0.4 mL/min.Ammonium acetate was chosen to facilitate native MS analysis,
as both ammonia and acetic acid are volatile and evaporate readily
during electrospray. Elution proﬁles were recorded using a UV
absorbance detector (Bio-Rad) at 280 nm for standards, 280 and
478 nm for PCP.
2.3. Small angle neutron scattering
SANS experiments were carried out using the Bio-SANS
instrument at the High Flux Isotope Reactor of Oak Ridge
National Laboratory [32]. Scattering data were collected at
sample-to-detector distances of 0.3 and 6 m to cover a Q range of
0.0067–0.73 Å1 using 6 Å neutron beam (q = (4p/k) sin(h/2),
where k is the neutron wavelength and h is the scattering angle).
For SANS analysis, PCP samples were prepared by exchanging
the buffer from 20 mM Tris–HCl pH 8.0 in H2O to the same buffer
in D2O (pD 7.6) using Zeba spin desalting columns (7K MWCO,
Thermo Fisher Scientiﬁc). Scattering data were recorded at three
protein concentrations, 2.7, 5.4, and 8 mg/mL. Data from PCP at
8 mg/mL with additional 150 mM NaCl was also recorded.
Appropriate buffer solutions without proteins were collected for
background correction.
SANS data were reduced and analyzed using IGOR Pro [33]. Data
ﬁtting was performed using cylindrical and ellipsoidal models, and
the quality of the ﬁtting was evaluated with the reduced v2 param-
eter [34]. Theoretical scattering curves of PCP monomer and trimer
were calculated with the crystal structure of PCP (PDB ID: 1PPR)
using CRYSON [35], and ﬁtted to the data. Rg, radius of gyration,
was calculated based on Eqs. (1) and (2) for the cylindrical and
ellipsoidal models, respectively.
R2g ¼
R2
2
þ L
2
12
ð1Þ
R2g ¼
a2 þ b2 þ c2
5
ð2Þ2.4. Native mass spectrometry
PCP was concentrated by a MWCO ﬁlter (10 kDa, Vivaspin, GE
Healthcare) and then buffer-exchanged to 200 mM ammonium
acetate with a Micro Bio-Spin 6 chromatography column (MW
exclusion limit 6 kDa, Bio-Rad). The ﬁnal monomer concentration
was 5 mg/mL (120 lM). The optimal concentration was adjusted
depending on the quality of mass spectra. 5 lL sample was intro-
duced into a quadrupole time-of-ﬂight mass spectrometer
(SYNAPT G2 HDMS, Waters) via a gold-coated nanoﬂow capillary
prepared in house [29]. The instrument was operated under
gentle electrospray ionization (ESI) conditions (capillary voltage
of 1.1–1.5 kV, sampling cone voltage of 60 V, extraction cone volt-
age of 2 V, and source temperature of 30 C). The collision energy at
the trap and transfer region was adjusted from 8 to 110 V to
gradually remove pigments from PCP. The pressure of the vac-
uum/backing region was 5.1–5.6 mbar. Each spectrum was
acquired from m/z 100 to 8000 every 1 s. The instrument was
externally calibrated to m/z 8000 with the clusters produced by
ESI of a NaI solution. The peak picking and data processing were
performed in Masslynx (version 4.1, Waters).
3. Results and discussion
3.1. Size-exclusion chromatography
A Superdex 200 10/300 GL column (GE Healthcare) was cali-
brated with BSA, BLG and RNase A (Fig. 1). The MW of PCP was
determined to be 41 kDa, which is consistent with the size
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Fig. 1. SEC analysis of PCP in 200 mM ammonium acetate. Top: elution proﬁle of
the void volume marker Blue Dextran (elution volume Ve 7.7 mL) and standards (Ve
12.1, 13.8, 15.1 and 17.3 mL for BSA dimer, BSA, BLG and RNase A, respectively).
Bottom: elution proﬁle of PCP (Ve 14.8 mL. The running conditions were the same.
Based on the linear relationship between Ve and Log10 (MW), which was Log10
(MW) = 0.1914 Ve + 4.453 (R2 = 0.9994), the average molecular mass of native PCP
was determined to be 41 kDa.
Fig. 2. SANS proﬁles of PCP in D2O buffer. Curves are offset for clarity.
Table 1
Structural parameters obtained from SANS data by cylindrical model. Rg for the
crystal structure (PDB ID: 1PPR) was calculated in CRYSON [35].
Cylinder
radius R (Å)
Cylinder
length L (Å)
Radius of
gyration, Rg (Å)
v2
Crystal structure,
monomer
20.0
Crystal structure,
trimer
33.5
8 mg/mL 16.9 ± 0.02 55.1 ± 0.2 19.9 15.1
5.4 mg/mL 16.9 ± 0.03 55.1 ± 0.2 19.9 11.6
2.7 mg/mL 16.6 ± 0.04 59.8 ± 0.3 20.9 8.3
8 mg/mL with
150 mM NaCl
16.9 ± 0.03 56.7 ± 0.3 20.3 10.3
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meric PCP (one polypeptide (32.7 kDa [17]), eight peridinins
(630.81 Da), two Chl a (893.49 Da) molecules and two DGDG
(949.3 Da) molecules in each 1PPR monomer, sum of 41.4 kDa).
Analysis of the mass of PCP in non-volatile buffers (e.g. 20 mM
sodium phosphate pH = 7 with or without 150 mM NaCl, 20 mM
bis-Tris pH = 6, 6.5 with or without 150 mM NaCl) demonstrated
that different buffers did not change the oligmerization state of
protein (data not shown).
3.2. Small angle neutron scattering
To maximize the protein scattering and lower the background
scattering, PCP proteins were exchanged from H2O buffer into
D2O buffer prior to the SANS experiments, because deuterium
atoms have much lower incoherent scattering, which contributes
to the background signal. In order to test whether D2O would alter
the structure of PCP, circular dichroism (CD) spectra of PCP in the
UV/Vis region were taken at 30 min, 2 h and 1 day after the buffer
exchange. No signiﬁcant differences were observed between the
CD spectra of PCP in H2O and D2O buffers (data not shown), sug-
gesting that the structure of PCP stays the same in D2O as in H2O.
SANS experiments were carried out with PCP at three concen-
trations, 2.7, 5.4 and 8 mg/mL (Fig. 2). The three proﬁles showed
essentially the same features, indicating there was no concentra-
tion dependent effect on the shape of the scattering curves. The
increase in scattering intensity in the low Q region is consistent
with the presence of large scattering objects such as large protein
aggregates that could not be dispersed by the addition of 150 mM
NaCl. Due to the absence of a plateau in low Q region, it was not
possible apply Guinier analysis.
However, it was possible to obtain structural information about
the system by ﬁtting ellipsoidal and cylindrical geometric shapes
to the SANS data in the Q range 0.03 < Q < 0.36 Å1 (cylinder:
Table 1 and Fig. 3, ellipsoid: Fig. S1). The ﬁts to all four SANS
proﬁles are shown in Fig. 2. Results of ﬁtting were consistent:
the calculated values of Rg (radius of gyration) based on both
models (cylinder: 19.9–20.9 Å, ellipsoid: 18.5–19.2 Å) were similar
to the calculated Rg of monomeric PCP (20.0 Å), suggesting that PCP
existed as monomers in solution. As an example, the ﬁtting of data
from 2.7 mg/mL PCP using a cylindrical model was shown in Fig. 3.In addition, comparison of the experimental scattering curve of
Symbiodinium PCP with scattering proﬁles calculated from mono-
meric and trimeric Amphidinium PCP based on the crystal structure
(Fig. 3A) also shows that the monomeric conformation is favored
over the trimer. We then wanted to test whether a mixture of
monomeric and trimeric PCP could better represent the data.
Based on the result from the program Oligomer [36], 100% mono-
meric PCP ﬁtted best to the data (0.03 < Q < 0.36 Å1). However,
this analysis seemed to be insensitive to up to 10% of trimeric
PCP while using the theoretical scattering proﬁles of monomeric
and trimeric PCP as standards. In summary, all the analysis sug-
gests that PCP is largely monomeric under the tested conditions.
3.3. Native mass spectrometry
To determine the oligomeric state(s), the mass of PCP was mea-
sured by native MS. PCP molecules, solvated by ammonium acetate
and water, were introduced into the gas phase by gentle nanoESI.
PCP of the initial concentration (120 lM) was too viscous to spray,
we therefore gradually added 200 mM ammonium acetate to
dilute the sample. The ﬁnal protein concentration was about
50 lM ( 2 mg/mL). In order to remove the associated unwanted
molecules and release the intact protein assembly, we applied
collision activation. By ramping the collisional energy (8 V), we
observed two series of charged states, representing two species
with a MW of 41.3 kDa (charge states 12+ to 14+) and 123 kDa
(charge states 22+ to 24+), respectively (Fig. 4). The former was
assigned to PCP monomers, and the latter to the trimeric PCP.
Native MS demonstrated two oligomeric states of PCP, although
the population of PCP trimers was not as signiﬁcant as that of
monomers. It is important to note that we also observed the loss
of one or two peridinins frommonomeric PCP. This could represent
Fig. 3. Fitting of SANS data. (A) SANS data from 2.7 mg/mL PCP (green) are ﬁtted by PCP monomer (magenta), PCP trimer (blue), and a cylindrical model (red). Proﬁles of PCP
monomer and trimer were calculated based on the crystal structure (PDB ID: 1PPR) using CRYSON [35]. (B) PCP monomer ﬁts to a cylindrical model. Cylinder radius: 16.6 Å;
length: 59.8 Å.
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Amphidinium [6].
When the collision energy of the mass spectrometer trap region
was increased, substantial loss of bound pigments from the protein
complex was detected, allowing us to estimate the relative
strengths of non-covalent interactions between cofactors and the
PCP polypeptide. At 68 V, three charged series (Fig. 5A) were
observed, corresponding to the partially denatured PCP containing
two Chl amolecule and one peridinin, two Chl amolecules, one Chla molecule, respectively, with the ﬁrst species having the most
intense signal. At this point, no trimers or trimers with partial
cofactors were identiﬁed, indicating the interactions between
monomers were not strong. When the collision energy continued
to rise to 108 V, more pigments dissociated from their binding
sites, resulting in the polypeptide with no pigments (Fig. 5B).
These results indicate that Chl a molecules in PCP has stronger
non-covalent interactions with the polypeptide chain compared
to peridinins and lipids, and thus are more resistant to unfolding.
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the PCP crystal structure (1PPR): two Chl amolecules sit in the cen-
tral of the complex, surrounded/protected by peridinins and lipids.
In addition, when PCP was fully unfolded (Fig. 5B), the protein
carried 10–13 positive charges, which were signiﬁcantly fewer
compared to PCP apoprotein under regular LC/MS conditions
(21+ to 41+ charges [17]). This is because in native MS, protein
molecules are solvated in ammonium acetate at near-neutral pH
instead of the water/acetonitrile/formic acid mixture at pH 1–2
in regular LC/MS, where protons are more abundant. Chl a and
peridinin were also observed, with the Chl a molecular ion being
the base peak. This does not mean that Chl a is more abundant thanperidinin in the complex, as ionization efﬁciencies of the twomole-
cules could be very different, which was the case in our experi-
ment. We were unable to identify DGDG, which probably was
poorly ionized or underwent fragmentation.
In this study, we showed the co-existence of monomeric and
trimeric PCP. Collision-induced dissociation of PCP indicated that
the Chl a molecules have stronger non-covalent interactions with
the polypeptide chain compared to peridinins and lipids, and thus
are more resistant to unfolding. Our results demonstrate native MS
as a powerful complementary tool to X-ray crystallography and NMR
in biophysical studies. Although it cannot offer high resolution
data, it interrogates protein complexes in their near-native
2718 J. Jiang et al. / FEBS Letters 589 (2015) 2713–2719state with small amounts of samples and fast turnaround [31], and
has provided unique insights into the photosynthetic apparatus,
which is highly dynamic and often lacks crystal structures
[26,28,37].
3.4. The functional oligomeric state of PCP
Previous studies on PCP mostly focused on MFPCP of
Amphidinium, the structure of which has been resolved to 2.0 Å
by X-ray crystallography. There is some indirect evidence linking
the trimerization to the function of this protein complex. The tri-
meric MFPCP was thought to be relevant for the in vivo oligomeric
state in the thylakoid lumen based on unpublished analytical ultra-
centrifugation data [8]. Single molecule ﬂuorescence of PCPs indi-
cated that monomeric and trimeric MFPCP could coexist in certain
but not all buffers while recombinant PCP was always monomeric
[9]. The histogram of ﬂuorescence emission intensities for MFPCP
in Tris buffer showed two clear peaks. The peak of the lower inten-
sity was assigned to monomers, while another peak, which
appeared at about 2.5 times higher intensity, was due to the
trimeric form [9]. In another single-molecule study under dilute
conditions, more than 99.9% of PCP was monomeric, but very rarely,
objects with triple the monomeric intensity were observed, imply-
ing the existence of trimers [10]. A piece of indirect evidence sug-
gesting PCPs of these two genera could adopt different oligomeric
states was the distinct lifetimes of long-wavelength absorbing Chl
a [18]. MFPCP from Amphidinium had a lifetime ranging between 2
and 4.5 ns [38–40], which is substantially shorter than 77.4 ns
measured in the Symbiodinium PCP [18]. The shortening of the life-
time in MFPCP may be associated with a slow phase of annihilation
of Chl a excited states occurring between PCP trimers even at low
excitation intensities [38]. However, discrepancies could simply
originate from non-uniﬁed methodologies (different temperatures,
ﬁtting models, exciting laser intensities, etc.) to perform experi-
ments and analyze spectroscopic data, instead of different oligo-
meric states of two PCPs [18]. Calculations of Förster energy
transfer rates in MFPCP indicated the two anisotropy decay time
constants of 6.8 ± 0.8 ps and 350 ± 15 ps corresponded to intra-
and intermonomeric excitation equilibration times, respectively.
The signiﬁcantly longer life time meant that the intermonomeric
energy transfer in vivo, if it existed, was substantially slower that
the faster energy transfer within monomers [41].
In our study, native MS demonstrated two oligomeric states of
PCP, with the dominance of monomeric PCP, but we know that
Symbiodinium PCP also crystalizes as trimers (unpublished,
E. Hoffman, personal communication). Therefore, amino acid
sequence variations may not be the sole source of different oligo-
meric states of two PCPs (Fig. S2, Symbiodinium PCP has 80%
amino acid sequence similarity to MFPCP of Amphidinium). From
the characterization done by our group, Symbiodinium PCP
possesses very similar spectroscopic properties (steady-state
absorption and ﬂuorescence [17], femto- and nanosecond
time-resolved absorption [18], picosecond time-resolved
ﬂuorescence [18], CD compared to its Amphidinium counterpart.
Its function as a light-harvester does not alter though it is still
mainly monomeric even at very high concentrations (up to
8 mg/mL). Therefore, we conclude that the trimerization is not
necessary for PCP to function as a light-harvesting complex.
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